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Abstract 
The impairment of the complexes of the respiratory chain was studied in isolated rat liver mitochondria under the conditions of an 
iron/ascorbate-mediated oxidative stress. Using blue native electrophoresis technique the NADH-ubiquinone oxidoreductase, 
ubiquinol-cytochrome-c oxidoreductase, cytochrome oxidase and ATP-synthetase were separated from mitochondrial samples at different 
stages of peroxidation and quantified by densitometry. In the second imension the protein complexes were separated into their individual 
subunits by Tricine/SDS-electrophoresis. In relation to the time course of lipid peroxidation protein losses were moderate in the 
exponential phase and enhanced towards plateau phase of TBARS formation, when the intensity of staining for the native complexes 
became reduced by 84%, 69%, 63% and 24% for complexes I, III, V and IV, respectively, and a high molecular aggregation band as a 
putative marker of oxidative stress was formed. The decline of overall staining by 23%, a decrease in trichloroacetic acid precipitable 
protein and the formation of acid soluble primary amines suggest the occurrence of fragmentation r degradation processes. Apparently, 
the impairment of the respiratory chain complexes during peroxidation was not reflected in altered electrophoretic mobilities or specific 
losses of protein subunits of these innermitochondrial membrane components. 
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1. Introduction 
The electron transport chain of mitochondria is well 
known for its intrinsic production of free oxygen radicals 
as toxic side products during respiration [1-3]. Since 
reactive oxygen species are likely generated in the mito- 
chondrial inner membrane, high concentrations and pro- 
found effects of these radicals should be expected within 
this space. Previous studies have shown functional dam- 
ages of mitochondria during oxidative stress, which are 
Abbreviations: Complex I, NADH-ubiquinone oxidoreductase; com- 
plex II, succinate-ubiquinone oxidoreductase; complex III, ubiquinol-cy- 
tochrome-c oxidoreductase; complex IV, cytochrome oxidase; complex 
V, ATP-synthetase; TBARS, thiobarbituric acid reactive substances. 
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ultimately caused by a decline in the enzyme activities of 
the respiratory chain complexes and the ATPase [4-6]. 
We demonstrated a close correlation between the de- 
creases of mitochondrial respiration and ubiquinol-cyto- 
chrome-c-oxidoreductase ctivity in the initial phase of 
peroxidation [5]; the other complexes behaved less sensi- 
tive against he attack of free radicals in this experimental 
iron/ascorbate system. 
Since the mechanisms for the inactivation of the com- 
plexes of the respiratory chain are still unknown, it ap- 
peared worthwhile to study possible structural changes of 
the membrane proteins induced by peroxidation. 
To determine the relative mitochondrial content of the 
complexes of respiration and oxidative phosphorylation 
and the subunit pattern of these protein complexes during 
peroxidation, we applied the recently described elec- 
trophoretic technique of Schaegger and Von Jagow [7,8], 
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which allows a separation of the mitochondrial complexes 
in their native form and a subsequent evaluation of the 
subunit pattern. 
A decline of protein staining and the formation of 
primary amines in the course of peroxidation indicated a 
loss of the native complexes of the respiratory chain 
following in time the period of strong lipid peroxidation. 
Specific changes of the subunit composition of the com- 
plexes correlating to activity losses could not be estab- 
lished. A breakdown of membrane proteins during per- 
oxidation is, however, evident, although it appears likely 
that the attack of oxygen free radicals against membrane 
lipids is an earlier event in the cascade of mitochondrial 
damage [9]. 
2. Methods 
2.1. Preparation of mitochondria 
Liver mitochondria were prepared from adult fasted 
Wistar rats (Shoe: WIST) by standard ifferential centrif- 
ugation procedure including two washing steps of the 
mitochondria, suspended in 0.25 M sucrose at pH 7.4 and 
kept at 2-4°C [10]. Mitochondrial protein was determined 
by a modified biuret method [11]. Functional integrity of 
the mitochondrial preparations was assessed by oxygraphic 
measurement of respiration with succinate as substrate in 
presence and absence of ADP [12] and the purity was 
checked by electron microscopy [13]. 
2.2. Iron / ascorbate mediated peroxidation 
Freshly prepared functionally intact mitochondria were 
incubated in a medium containing 100 mM KC1 and 10 
mM Tris-HC1 at pH 7.7. Mitochondrial protein in the 
medium was adjusted to 8 mg/ml.  Oxidative stress was 
induced as previously described [6] by 100/zM FeSO 4 and 
0.5 mM ascorbate. Controls were incubated without the 
addition of iron/ascorbate. During shaking in open air at 
25°C aliquots of 200 ~! were taken for electrophoresis 
procedure at timed intervals. 
Peroxidation in the samples was stopped by addition of 
10 ~1 DMSO and lowering the temperature to 3°C. 
Aliquots for TBARS determinations were quenched in 
trichloroacetic acid and assayed by the thiobarbituric acid 
procedure [ 14]. 
2.3. Electrophoresis procedures for first dimension 
All following procedures were essentially done as de- 
scribed in detail by Schaegger and Von Jagow [7,8]. 
Briefly: aliquots of 200 /zl peroxidized mitochondrial 
suspensions were solubilized by addition of 50 /xl of 10% 
lauryimaltoside in the presence of 400 /~1 0.75 M amino- 
caproic acid. Phenylmethylsulfonyl fluoride (PMSF) was 
added to a final concentration of 2 mM. The sample was 
centrifuged for 30 min at 100000 × g. The protein super- 
natant was supplemented with 25 /zl of 5% Coomassie 
blue G 250 and applied to the native polyacrylamide 
gradient gel (5 ~ 13% T; 3% C) for first dimension. 1.5 
A 
-r 
2 
frr 
X 
X 
17 
X 
A 
T 
2 
rn 
X 
X 
]2 
X 
la lb 2a 2b 3a 3b 4a 4b 5a 5b 
Fig. 1. Native lectrophoresis patterns during iron/ascorbate induced peroxidation. 150 pA sample per lane were applied. Protein content was according to
Table 1. Complex I (I); complex III (III); complex IV (IV); ATP-synthetase (V); unidentified peak (X); aggregation (A). Incubation time: 1 = 0 min; 
2 = 15 min; 3 = 30 min; 4 = 60 min; 5 = 90 min. (a) 60 /xM FeSO4/0.5 mM ascorbate, (b) control. 
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mm vertical gels with a length of 15 cm were generally 
used. At 120 V the running time was 12 h. 
After Coomassie blue G 250 staining the gels were 
scanned in an Ultrascan XL LASER densitometer (Phar- 
macia) to quantify the protein bands in each lane. To 
compare the mitochondrial content of the complexes I, III, 
IV and V during peroxidation the values were expressed as 
percent of the peak area of the initial content. 
Protein was determined in aliquots of the supernatant 
after the centrifugation step by precipitation with trichloro- 
acetic acid and addition of Lowry-reagent to the precipitate 
[15]. 
The supernatant (0.25 ml) of the trichloroacetic acid 
precipitation was neutralized with 1.5 ml 50 mM Hepes, 
pH 9.0. Primary amines were assayed by addition of 0.5 
ml fluorescamine solution (0.3 mg/ml  in acetone) and 
measured fluorimetrically using 390 nm excitation and 470 
nm emission wavelength. A glycine standard curve was 
constructed [ 16]. 
2.4. Second dimension." Tr ic ine-SDS-PAGE 
To determine the subunit pattern of the mitochondrial 
complexes of oxidative phosphorylation, lanes of the na- 
tive gel were separated by Tricine/SDS-electrophoresis in 
a second dimension. A 1 cm lane with the protein com- 
plexes was cut out of the blue native gel, dipped into a 1% 
mercaptoethanol s lution for some seconds and placed on 
a glass plate at usual position of stacking gels. 
After covering with the second glass plate the rest of 
the vertical SDS-gel was polymerized. Main component 
was the separating el with 16%T, 3%C and 6 M urea. 
After a running time of 12 h at 100 V gels were stained by 
Coomassie blue G 250. 
3. ResuLts 
The bands of multiprotein complexes eparated in the 
first dimension were identified by their characteristic sub- 
unit patterns and additionally by comparison with stan- 
dards [7,8]. Fig. 1 shows the separation of mitochondrial 
samples from different stages of peroxidation i  compari- 
son to control incubations by blue native electrophoresis. 
The bands corresponding to the complexes I, II, III, IV and 
V were identified by separating lanes of the native gel in a 
second dimension by Tricine/SDS-electrophoresis (Fig. 
2). By means of this technique the respiratory complexes 
could be identified by their individual pattern of protein 
subunits. Thereby also the purity of each band could be 
checked, which is essential for the densitometric quantifi- 
cation later on. Prominent bands not resembling mitochon- 
drial complexes were detected near the cytochrome-c- 
oxidase band and between complexes III and IV, but they 
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Fig. 2. Identification f native lectrophoresis bands by their characteristic patterns in Tricine-SDS-PAGE (according toSchaegger and Von Jagow [6,7]). 
Complex I (I); complex III (III); complex IV (IV); ATP-synthetase (V). 
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did not interfere with the densitometric registration. Under 
our conditions complex II was only hardly to detect as a 
weak band in the native gels and in form of thin spots in 
the Tricine/SDS-gel. Therefore only complexes I, III, IV 
and V were further analyzed uring peroxidation. 
During incubation of mitochondria in the presence of 
iron/ascorbate losses in staining of all complexes could be 
observed in the native gels (Fig. 1). On the contrary, the 
intensities of the protein bands in the controls without 
addition of iron/ascorbate were nearly unchanged, even 
after 90 rain of incubation. 
The densitometric quantification of the protein bands in 
the native gels revealed that complex I exhibits the strongest 
decrease during peroxidation (84% after 90 min) followed 
by complex III (69%) and ATPase (63%). Complex IV is 
characterized by losses of only 24% (Fig. 3). Thus, com- 
plex IV represents he respiratory complex, which seems to 
be most resistant against oxidative stress. In relation to 
lipid peroxidation as documented by the TBARS levels, 
three phases of protein losses can be distinguished from 
each other: 
(i) In an initial phase of lipid peroxidation (0-15% of 
the final TBARS level) only small changes in protein 
staining were apparent. 
(ii) During the time of the exponential phase of TBARS 
formation (15-80% of the final TBARS level) increased, 
but still moderate protein losses were detected. 
(iii) Towards the plateau phase of TBARS formation 
(80-100% of the final TBARS level) the highest rates of 
protein losses in all complexes were expressed (Fig. 3, 
Table 1). 
In the course of peroxidation a new high molecular 
aggregation band appeared in the first dimension within 
the acrylamide range of 6% T (Fig. 1). This aggregation 
was split in a large number of fragments under the reduc- 
ing conditions of the SDS-dimension (not shown), but 
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Fig. 3. Peak areas of respiratory chain complexes and TBARS formation 
during iron/ascorbate induced peroxidation. Complex I (I); complex III 
(III); complex IV (IV); ATP-synthetase (V); 100% TBARS after 90 min 
incubation were about 30 nmol/mg protein. 100% peak area represents 
the area of each complex at zero time. All values are means of five 
experiments with a S.D. of less than 10%. The controls did not show 
significant differences to the values at zero time. 
these fragments could not be attributed to individual sub- 
units of mitochondrial complexes. The aggregation bands 
seemed to represent assembles of cross-linked portions of 
different mitocbondrial proteins, which could not be 
cleaved by the technique applied. The formation of this 
aggregation band was most expressed uring the exponen- 
tial phase of lipid peroxidation. As shown in Table 1, the 
area of the aggregation band represents, however, not more 
than maximally 3% of the total scanned area. Thus, the 
formation of this aggregation band accounts only partially 
for the observed ecrease of the respiratory chain proteins. 
The overall staining of the gels (sum of all integrated 
peaks in one lane) decreased by about 23% in the course 
of lipid peroxidation (Table 1). 
Table 1 
Protein content, primary amine 
mitochondria 
formation and densitometric evaluation of protein staining during iron/ascorbate induced peroxidation of rat liver 
Time ~ Protein b Primary ¢ amines Overall d staining Relative staining e of the Relative f staining of the 
(rain) (mg/ml) (/xmol/ml) (%) respiratory complexes (%) aggregation band (%) 
0 3.5 _ 0.20 12.2 + 0.9 100 21.4 + 2.0 0 
15 3.4 _ 0.21 13.5 + 1.4 100 + 1 20.7 _+ 2.3 0.07 _+ 0.11 
30 3.1 +_ 0.23 16.7 _+ 0.7 95 4- 4 19.5 + 1.7 0.43 + 0.40 
45 2.9 _+ 0.25 19.2 4- 0.8 85 _+ 9 16.8 + 3.0 1.70 _+ 0.61 
60 2.8 _+ 0.26 21.6 4-_ 2.0 79 4- 3 15.6 _+ 2.8 2.82 4- 0.22 
90 2.6 4- 0.30 25.2 _+ 2.1 77 _ 2 12.8 4- 2.8 3.26 + 0.50 
Incubation time. Iron/ascorbate was omitted from the controls. 
b Represents he protein concentration i  the supernatant after solubilization and centfifugation of the samples, determined by the Lowry method after 
trichloroacetic acid precipitation. The protein content in the controls after 90 rain incubation was 3.4 4- 0.23 mg/ml. 
c Primary amines determined by fluorescamine-reactivity in the neutralized supernatants of trichloroacetic acid precipitates from column (b). In the 
controls the concentration f primary amines increased to 15.0 _ 0.8 /xmol/ml after 90 min incubation. 
d Denotes to the total area under the scanned curve (% of zero time), 
e Staining of respiratory chain complexes denotes to the sum of the peak areas of complexes I, III, IV and ATP-synthetase in relation to the overall staining 
area at corresponding incubation times. 
e Peak area of aggregation band in relation to overall staining area at corresponding incubation times. 
Data represent mean values _+ S.D. from five experiments. 
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Corresponding to this, the amount of trichloroacetic 
acid precipitable protein in the aliquots applied to the gels 
decreased by 26% during the incubation (Table 1). Primary 
amines increased at least 2-fold in the supernatants after 
trichloroacetic a id precipitation, indicating the appearance 
of small acid soluble peptides or free amino acids (Table 
1). Thus, we suppose that the decrease in staining may be 
mainly due to protein fragmentation or degradation. It
should be mentioned that 'protein fragmentation' refers the 
direct chemical breakdown of proteins. The term 'protein 
degradation' means the hydrolysis of peptide bounds by 
proteinases and peptidases [26]. 
The portions of the sum of the identified respiratory 
chain proteins diminished from 21.4% in the beginning of 
incubation to 12.8% of total staining at the end (Table 1). 
It follows that these proteins of the respiratory chain 
account for about 50% of total protein losses during 
peroxidation. Since prominent smears or bands, formed as 
products of a partial proteolytic degradation or as a result 
of disassembling of subunits, were not detected in the 
native and Tricine/SDS-gels, respectively, these results 
indicate an unspecific rapid degradation of proteins and 
obviously a preferential ttack of the mitochondrial com- 
plexes in the course of free radical reactions. 
Attempts to detect specific changes in the subunit com- 
position of the respiratory chain complexes during oxida- 
tive stress in mitochondria were not successful. The de- 
crease of staining of the respiratory chain complexes in the 
first dimension was not accompanied by specific losses of 
single subunits in the SDS gels, as shown for complex III 
! 
D 
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Fig. 4. Subunit patterns during iron/ascorbate induced peroxidation. 
Subunit patterns of complex III 011) and ATP-synthetase (V) are shown 
by Tricine-SDS-PAGE in second dimension. Incubation time: 1 = 15 min; 
2 = 30 min; 3 - 45 min; 4 = 60 rain; 5 = 75 min; representative g l from 
a total of six. 
and ATP-synthetase in Fig, 4. Rather an uniform decline 
of subunit staining could be observed. 
4. Discussion 
Oxidative stress in mitochondria s answered by syner- 
gistic and consecutive reactions of different defence sys- 
tems against free radical attack. 
Within the lag phase of peroxidation the antioxidative 
defence potential of mitochondria breaks down [6,17,18]. 
This results in the onset of exponential increase of TBARS 
as an index of lipid peroxidation. 
At the same time the staining of the respiratory chain 
complexes tarts to decline (Figs. 1 and 3). The highest 
rate of protein loss was, however, apparent in the plateau 
phase of TBARS formation. 
It is conceivable that the structure of membrane proteins 
may be 'protected' by the surrounding lipid-bilayer con- 
taining a-tocopherol. This means that a remarkable attack 
of free radicals to the membrane proteins may be pre- 
vented as long as they exist within their normal lipid 
matrix. Similar conclusions have been drawn from experi- 
ments concerning monoaminooxidase from mitochondrial 
outer membranes [19]. At the opposite water-soluble pro- 
teins from red blood cells were considerably degraded by 
proteolytic systems before any exponential increase of 
malondialdehyde formation was apparent [20]. 
The exponential phase of lipid peroxidation is charac- 
terized by the decline of all mitochondrial functions related 
to the regeneration of antioxidants, as glutathione and 
a-tocopherol [17,18], which in turn depend on the supply 
of hydrogen from respiratory substrates. Thus, the decline 
of mitochondrial respiration and the reduced activities of 
respiratory chain complexes are ultimately connected with 
the decrease in total mitochondrial ntioxidative capacity. 
In a previous tudy it was shown that the inactivation of 
complex III during the initial phase of peroxidation is 
strongly correlated to the decrease of active mitochondrial 
respiration [5]. The results presented here point out that 
alterations of the mitochondrial complexes by modifica- 
tions, which likely are responsible for the different reduc- 
tions of enzymatic activities, are not reflected by changed 
electrophoretic mobilities in denaturing electrophoresis or 
in specific losses of protein subunits of these complexes 
(Fig. 4). The high susceptibility of the bc~-complex activ- 
ity in comparison to the other respiratory chain complexes 
is not detectable by structural alterations seen in native and 
Tricine-electrophoresis, a  well. Complex l, which de- 
clined in its activity less than complex III during the 
induction phase of peroxidation [5], was, however, more 
sensitive to structural breakdown (Fig. 3) and in agreement 
with data of the literature [4,21] cytochrome-c oxidase was 
very resistant against radical attack also in our experimen- 
tal system. 
Thus, the losses of activities have to be explained by 
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specific impairment of the redox-active centers in the 
respiratory chain proteins, presumably by oxidative modi- 
fication of amino acids [22] or alternatively by changes in 
the phospholipid protein interactions as shown to be essen- 
tial for cardiolipin and complex III [23]. 
The general decline of protein staining of respiratory 
chain complexes was shown to occur at the late phases of 
peroxidative attack to mitochondria rather than in the 
induction phase, when the decline of activities occur. 
The formation of a protein band comprising aggregated 
proteins during the exponential phase of lipid peroxidation 
(Fig. 1, Table !) may be considered as a marker of the 
peroxidation process. This aggregation may be a result of 
either a cross-linking from denatured proteins or may be 
also caused by reactions of oxidatively damaged phospho- 
lipids, aldehydic lipid peroxidation products and proteins, 
but the amount remained relatively small under our incuba- 
tion conditions. 
Fragmentation r degradation of inactivated enatured 
and phospholipid epleted proteins or rapid disassembling 
of mitochondrial complexes consecutively followed by 
proteolysis could provide an explanation for the overall 
decline in protein staining in the course of an oxidative 
stress [24,25]. Examples for a rapid degradation of 
unassembled subunits of mitochondrial complexes are 
known from yeast and other tissues [27,28]. The decreas- 
ing level of trichloroacetic a id precipitable protein and the 
increase of the primary amines in the present experiments 
mean that the observed process does obviously result in 
the formation of free amino acids or small peptides. An 
involvement of a mitochondrial proteolytic system for the 
degradation of oxidized proteins, which itself is relatively 
resistant against oxidation, as described by Davies et al. 
[29], is suggested, but has to be evaluated in further 
experiments. Although the contribution of lysosomes as 
part of the proteolytic system in general can not be ex- 
cluded, its proportion should be small as judged from the 
electronmicroscopic evaluation of the resulting preparation 
[13]. 
Acknowledgements 
The authors want to thank Dr. Schaegger and Prof. Von 
Jagow, University of Frankfurt/Main, for providing the 
opportunity to learn the electrophoretic techniques. 
References 
[1] Boveris, A. and Chance, B. (1973) Biochem. J. 134, 707-716. 
[2] Turrens, J.F. and Boveris, A. (1980) Biochem. J. 191,421-427, 
[3] Ambrosio, G, Zweier, J.L., Duilio, C., Kuppusamy, P., Santoro, G., 
Elia, P.P., Tritto, I., Cirillo, P., Condorelli, M. and Chiariello, M. 
(1993) J. Biol. Chem. 268, 18532-18541. 
[4] Zang, Y., Marcillat, O., Guilivi, C., Ernster, L. and Davies, K.J.A. 
(1990) J. Biol. Chem. 265, 16330-16336. 
[5] TrUmper, L., Hoffmann, B., Wiswedel, I. and Augustin, W (1988) 
Biomed. Biochim. Acta 47, 933-939. 
[6] Wiswedel, I., Triimper, L., Schild, L. and Augustin, W. (1988) 
Biochim. Biophys. Acta 934, 80-86. 
[7] Schaegger, H. and Von Jagow, G. (1991) Anal. Biochem. 199, 
223-31. 
[8] Schaegger, H. and Von Jagow, G. (1987) Anal. Biochem. 173, 
201-205. 
[9] Vladimirov, Y.A., Olenev, V.I., Suslova, T.B. and Cheremisina, 
Z.P. (1980) Adv. Lipid Res. 17, 173-249. 
[10] Steinbrecht, I. and Kunz, W. (1970) Acta Biol. Meal. Germ. 25, 
731-747. 
[11] Steinbrecht, I. and Augustin, W. (1983) Biomed. Biochim. Acta 42, 
335-342. 
[12] Yomo, T., Urabe, I. and Okada, H. (1989) Anal. Biochem. 179, 
124-126. 
[13] Von Zglinicki, T., Wiswedel, I., Trtimper, L. and Augustin, W. 
(1991) Mech. Ageing Dev. 57, 233-246. 
[14] Buege, J.A. and Aust, S.D. (1978) Methods Enzymol. 52, 302-310. 
[15] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randal, R.J. (1951) 
J. Biol. Chem. 193, 265-275. 
[16] Pacifici, R.E. and Davies K.J.A. (1990) Methods Enzymol. 186, 
485 -503. 
[17] Triimper, L., Noack, H. and Augustin, W. (1989) Biomed. Biochim. 
Acta 48, 643-750. 
[18] Noack, H., Kube, U. and Augustin, W. (1994) Free Rad. Res. 20, 
375-386. 
[19] Dean, R.T., Thomas, S.M. and Garner, A. (1986) Biochem. J. 240, 
489-494. 
[20] Davies, K.J.A. and Goldberg, A.L. (1987) J. Biol. Chem. 262, 
8220-8226. 
[21] Sies, H. (1993) Eur. J. Biochem. 215, 213-219. 
[22] Davies, K.J.A., Delsingnore, M.E. and Lin, S.W. (1987) L Biol. 
Chem. 262, 9902-9907. 
[23] Hayer-Hartel, M., Schaegger, H., Von Jagow, G. and Beyer, K. 
(1992) Eur. J. Biochem. 209, 423-430. 
[24] Wolff, S.P. and Dean, R.T. (1986) Biochem. J. 234. 399-403. 
[25] Davies, K.J.A., Lin, S.W. and Pacifici, R.E. (1987) J. Biol. Chem. 
262, 9914-9920. 
[26] Davies, K.J.A. (1993) Biochem. Soc. Transactions 21,346-353. 
[27] Black-Schaefer, C.L., McCourt, J.D., Poyton, R.O. and McKee, E.E. 
(1991) Biochem. J. 274, 199-205. 
[28] Robinson, B.H. (1993) Biochim. Biophys. Acta 1182, 231-244. 
[29] Marcillat, O., Zhang, Y., Lin, S.W. and Davies, K,J.A. (1988) 
Biochem. J. 254, 677-683. 
